In the present study, we show that depletion of acyl-CoA-binding protein, Acb1p, in yeast affects ceramide levels, protein trafficking, vacuole fusion and structure. Vacuoles in Acb1p-depleted cells are multi-lobed, contain significantly less of the SNAREs (soluble N-ethylmaleimide-sensitive fusion protein attachment protein receptors) Nyv1p, Vam3p and Vti1p, and are unable to fuse in vitro. Mass spectrometric analysis revealed a dramatic reduction in the content of ceramides in whole-cell lipids and in vacuoles isolated from Acb1p-depleted cells. Maturation of yeast aminopeptidase I and carboxypeptidase Y is slightly delayed in Acb1p-depleted cells, whereas the maturation of alkaline phosphatase and Gas1p is unaffected. The fact that Gas1p maturation is unaffected by Acb1p depletion, despite the lowered ceramide content in these cells, indicates that ceramide synthesis in yeast could be compartmentalized. We suggest that the reduced ceramide synthesis in Acb1p-depleted cells leads to severely altered vacuole morphology, perturbed vacuole assembly and strong inhibition of homotypic vacuole fusion.
INTRODUCTION
The maintenance and physiological integrity of distinct cellular compartments relies on highly selective protein and lipid trafficking pathways. Neither vesicle formation, termed membrane fission, nor vesicle fusion is completely understood. However, the establishment of in vitro fission and fusion assays has increased our insights into the molecular mechanisms of how these processes are regulated [1] . Most of this work has focused on identifying proteins required for these processes and to uncover their function. Little is known about the lipid requirement; however, over the last few years, it has been shown that the lipid composition of the membrane bilayer is important, and that lipids serve as important players in vesicular trafficking [2, 3] . A role for sphingolipids in endocytosis and in vesicular transport of GPI (glycosylphosphatidylinositol)-anchored proteins out of the ER (endoplasmic reticulum) is supported by several studies (see [4] for a review). Long-chain bases (LCBs), independent of their conversion into ceramide or LCB-phosphates, have been shown to play a critical role in the regulation of endocytosis. Ceramide/ sphingolipid synthesis in the ER is required for efficient transport of GPI-anchored proteins from ER to Golgi, and recent in vitro experiments also suggest a function of these lipids in the fusion of vesicles containing GPI-anchored proteins with the Golgi [5] .
It is well known that long-chain (C 14 -C 18 ) fatty acyl-CoA esters can serve as important cofactors in budding, as well as fusion of transport vesicles (reviewed in [6] ). Haas and Wickner [7] observed that myristoyl-, palmitoyl-CoA and CoASH, in contrast with short-and very-long-chain acyl-CoA esters, support vacuole fusion in vitro. Interestingly, non-hydrolysable long-chain acylAbbreviations used: ACBP, acyl-CoA-binding protein; ALP, alkaline phosphatase; API, aminopeptidase I; CPY, carboxypeptidase Y; DHS, dehydrosphingosine; ER, endoplasmic reticulum; ESI-MS, electrospray ionization mass spectrometry; GFP, green fluorescent protein; GPI, glycosylphosphatidylinositol; IPC, inositol-phosphoceramide; NSF, N-ethylmaleimide-sensitive fusion protein; PHS, phytosphingosine; PrA, proteinase A; (t/v-)SNARE, (target/vesicular) soluble N-ethylmaleimide-sensitive fusion protein attachment protein receptor; VLCFA, very-long-chain fatty acid; YNB, Yeast Nitrogen Base. 1 To whom correspondence should be addressed (e-mail jkk@bmb.sdu.dk).
CoA ester analogue inhibited homotypic vacuole fusion [7] , as well as Golgi fusion and fission [8] [9] [10] . This indicates that the acyl-CoA ester acts as substrate in a protein or lipid acylation. Interestingly, a vacuolar fusion protein Vac8p is both myristoylated and palmitoylated [11, 12] . Moreover, the fission catalyst CtBP/BARS (C-terminal-binding protein/brefeldin A-ADP ribosylated substrate) at the Golgi, and endophilin at the plasma membrane, catalyse the formation of phosphatidic acid from lysophosphatidic acid and acyl-CoA [13, 14] . Acyl-CoA binding protein (ACBP) is a highly conserved 10 kDa protein found in all eukaryotes [15] . ACBP belongs to a multigene family comprising four major subfamilies. The basic isoform is highly conserved, and is found in all eukaryotic species examined, ranging from yeast and plants to reptiles, birds and mammals [16] . ACBP binds specifically long-chain acyl-CoA esters with an affinity of approx. 1 nM [17] . The majority of the cellular long-chain acyl-CoA esters is therefore presumed to be sequestered by ACBP in vivo (reviewed in [17] ). The ability of ACBP to mediate intermembrane acyl-CoA transport in vitro [18] and to create an intracellular acyl-CoA pool [19] indicates that ACBP is involved in intracellular trafficking of acyl-CoA esters. Depletion of Acb1p in Saccharomyces cerevisiae results in reduced levels of very-long-chain fatty acids (C 26 ), sphingolipid synthesis, membrane assembly and organization and organelle structures [20] . These observations suggest that Acb1p may be directly or indirectly involved in vesicular trafficking and in the maintenance of the integrity of cellular compartments.
In the present study, we have investigated the effect of depleting the S. cerevisiae ACBP homologue Acb1p on vesicular protein trafficking, vacuole structure and fusion, and on the overall lipid MATa, ade2-1 trp1 can1-100 leu2-3 leu2-112 his3-11 his3-15 ura3, PHO8::URA3 The present study Y700pGAL-ACB1pho8∆
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MATERIALS AND METHODS

Chemicals
Bacto-peptone, yeast extract and YNB (Yeast Nitrogen Base) were purchased from Difco (Diagnostic Systems, Sparks, MD, U.S.A.). EXPRE 35 S was obtained from NEN Life Science Products (Boston, MA, U.S.A.). Protein A beads were from Amersham Biosciences (Uppsala, Sweden). FM 4-64 and antibodies against Pep12p and Pho8p were purchased from Molecular Probes (Eugene, OR, U.S.A.). Secondary antibodies were obtained from Promega (Madison, WI, U.S.A.). All chemicals were of analytical grade.
Yeast strains, culture media and genetic manipulations
The S. cerevisiae strains used in the present study are shown in Table 1 . YPD medium consists of 1 % yeast extract, 2 % bactopeptone and 2 % glucose supplemented with 200 mg/l adenine. YPgal medium consists of 1 % yeast extract, 2 % bacto-peptone and 2 % galactose supplemented with 200 mg/l adenine. Unless stated otherwise, yeast strains were cultivated at 30
• C in supplemented minimal YNB medium containing 2 % glucose and the appropriate amino acid mixture and uracil. Unless otherwise stated, cells were kept on YP-galactose plates and inoculated in YNB medium supplemented with 2 % glucose to a D 600 of 0.005. Cells were grown for 24 h, diluted into fresh medium to an D 600 of 0.05-0.1 and grown to the D 600 indicated. The GAL1 promoter was inserted in front of the ACB1 gene, as described in [20] . The open reading frames encoding Pho8p and Pep4p were deleted using one-step disruption, as described in [21] . Y700, Y700 pGAL-ACB1, BJ3505, BJ2168 and DKY6281 strains were rendered competent using lithium acetate, as described in [22] . Transformants were selected on YP plates supplemented with 2 % galactose and 0.2 mg/ml G418, except for BJ3505 transformants, which were selected on YP plates supplemented with 2 % galactose, 4 % sucrose and 0.2 mg/ml G418, or on selective minimal plates without uracil or histidine. The correct insertion was confirmed by both PCR analysis and Western blotting. Depletion of Acb1p was confirmed by Western blotting after each experiment.
Pulse-chase analysis, protein extraction and immunoprecipitation
Cells were grown overnight in supplemented minimal glucose media without methionine. Cells were diluted to an D 600 of 0.05-0.1 in fresh medium without methionine, and grown to a D 600 of 0.8. Cells (2.5 × 10 7 per time point) were pulsed with 200 µCi of 35 S-protein-labelling mix (EXPRE 35 S) for 5 min at 30
• C, and then chased with 0.1 mg/ml methionine and 0.1 mg/ml cysteine. For temperature-sensitive strains, cells were grown in selective, supplemented minimal glucose media overnight at 26
• C, diluted in fresh media without cysteine and methionine and grown to a D 600 of 1. Cells were then divided into two equal portions, and placed at 26
• C and at 38
• C, respectively. After 15 min, cells were pulse-labelled for 10 min. At the time indicated, cell metabolism was stopped by the addition of 20 mM NaN 3 and 20 mM NaF, and the cells were placed on ice. Cells were then harvested by centrifugation and lysed using glass beads in 200 µl of ice-cold 50 mM Tris/HCl, pH 7.5, containing 5 mM EDTA and protease inhibitors (Complete TM EDTA-free; Roche). SDS was added to a final concentration of 0.5 %, and extracts were boiled for 5 min. Immunoprecipitation buffer [20 mM Tris/HCl (pH 7.5)/120 mM NaCl/5 mM EDTA/1 % (v/v) Triton X-100] was added to a total volume of 1 ml, and samples were centrifuged at 15 000 g for 10 min at 4
• C. The pellet was re-extracted with immunoprecipitation buffer, and the two supernatants were combined and transferred to a 15 ml Falcon tube containing 4 ml of immunoprecipitation buffer. Antiserum and Protein A beads (Amersham Biosciences) were added, and the suspension was incubated end-over-end overnight at 4 • C. Beads were washed several times with immunoprecipitation buffer, and proteins were eluted by boiling beads in SDS/PAGE sample buffer for 5 min and subjected to SDS/PAGE and fluorography.
Protein extraction, electrophoresis and Western blotting
Cells (1 D 600 unit) were pelleted by centrifugation and resuspended in 0.2 M NaOH. After 15 min incubation on ice, trichloroacetic acid was added to a concentration of 10 % (w/v), and then placed on ice for 15 min. Precipitated proteins were recovered by centrifugation for 15 min at 12 000 g at 4
• C. Precipitates were washed with ice-cold acetone, dried and dissolved in SDS-sample buffer. Whole-cell extracts (1D 600 unit) and vacuolar proteins (1 µg) were separated by SDS/PAGE, transferred to a nitrocellulose membrane, and specific proteins were identified by Western blotting using enhanced chemiluminescence, as described by the manufacturer (Amersham Biosciences 
Purification of vacuoles and vacuole fusion assay
Cells were grown in YPD medium overnight, diluted and grown to a D 600 of 1.0-1.2 in YPD. Vacuoles were purified by DEAEdextran lysis and flotation in a Ficoll step-gradient, as described previously [24] . Vacuole fusion assay was performed as described in [25] using 3 µg of total protein from both vacuole preparations used in each assay. The effect of Acb1p, CoA and palmitoyl-CoA on the fusion reaction was evaluated by adding the effectors to samples before addition of vacuoles. Vacuoles devoid of lipid droplets were purified as described in [26, 27] .
Fluorescence microscopy
In vivo localization of GFP (green fluorescent protein) fusion proteins was evaluated by fluorescence microscopy using a Leica fluorescence microscope equipped with a PL APO 100 × 1.40 objective. Cells transformed with appropriate plasmids were grown to a D 600 of 0.8-1.0 in selective synthetic minimal glucose medium. The plasmid carrying a C-terminal fusion of Vac8 to GFP under the control of the CUP1 promoter was kindly provided by Dr David Goldfarb (Department of Biology, University of Rochester, NY, U.S.A.). Expression of Vac8p-GFP was induced by addition of 10 µM CuSO 4 3 h before microscopy. A plasmid carrying the Nyv1-GFP fusion was kindly provided by Dr Hugh Pelham (MRC Laboratory of Molecular Biology, Cambridge, U.K.), and the Vph1-GFP plasmid was kindly given by E. Jones (Hospital for Sick Children, Toronto, Canada). The Tlg2-GFP plasmid was from Dr R. Haguenauer-Tsapis (Jacques Monod Institute, University of Paris, Paris, France). GFP was visualized using a FITC filter, whereas FM 4-64 staining was performed as described in [28] and visualized using a rhodamine filter. Images were processed using Adobe Photoshop 6.0 (Adobe, Mountain View, CA, U.S.A.).
Lipid extraction and MS analysis of lipids
Growth was stopped by addition of 0.1 vol. of ice-cold 6.6 M HClO 4 to the culture. Following incubation on ice for 10 min, cells were harvested by centrifugation at 3500 g for 10 min at 4
• C. The pellet was resuspended in ice-cold HClO 4 (10 mM), transferred to a 12 ml test tube and harvested by centrifugation. Internal standards were added directly to the pellet, if needed. The volume was adjusted to 0.4 ml with 1 M HCl, followed by addition of 1.5 ml of chloroform/methanol (1:2, v/v) and glass beads (450-600 µm). Cells were disintegrated by alternate 30 s periods of vortex-mixing and cooling on ice until cells were broken, as confirmed by microscopy. Chloroform and H 2 O (0.5 ml each) were added to the homogenate, followed by vortex-mixing and phase separation by centrifugation. The lower phase was removed using a drawn Pasteur pipette, and transferred to a 4 ml silica screw-cap glass tube. Glass beads and upper phase were washed twice with 1 ml of chloroform. The chloroform washes were combined with the lower phase. The three pooled lower phases were washed with 1 M HCl (1 ml) in methanol/water (1:1, v/v) and transferred to a clean 4 ml screw-cap tube. The solvent was removed in a stream of N 2 , and the dry lipids were stored at − 80
• C. For MS experiments, lipids were dissolved in chloroform/methanol (1:2, v/v), and divided into two portions. One half was used directly for negative-mode MS. For positive-mode MS, the second half was made up to a concentration of 10 mM with ammonium acetate, pH 4.5, in order to stabilize pH.
For quantitative mass spectrometric analysis of ceramides, cells (100 D 600 units) were harvested as described above, and bovine brain ceramides (15 nmol) were added as an internal standard to the cell pellet. Glass beads (0.5 ml) and 1 ml of ethanol/ H 2 O/diethyl ether/pyridine/ammonium hydroxide (25-35 %) (15:15:5:1:0.018, by vol.) were added and the cells broken by vortex-mixing as described above, the extract was transferred to a test tube and the extraction was repeated. Extracts were pooled and the solvent removed with a stream of nitrogen. The dry extract was dissolved in chloroform/methanol/H 2 O (16:16:5, by vol.) (0.1 ml) and saponified with 0.2 M NaOH (1 ml) in methanol for 1 h at 30
• C, followed by the addition of 0.5 M EDTA (0.5 ml) and H 2 O (0.2 ml). The unsaponified lipids were extracted with 1 ml of chloroform. The chloroform phase was removed and washed with 1 M HCl (1 ml) in methanol/water (1:1, v/v). The chloroform phase was taken to dryness under a stream of nitrogen, dissolved in chloroform/methanol (1:2, v/v) and analysed by MS, as described above.
The MS analysis was performed employing an Esquire ion trapelectrospray mass spectrometer from Bruker/Hewlett-Packard. MS data were analysed using Bruker Data analysis TM version 2.0. Nitrogen was used as the drying gas (1 litre/min at 80
• C). In the negative-ion mode, the potentials of the spray needle, capillary exit and skimmers 1 and 2 were + 600, − 134, − 52 and − 6 V, respectively. In the positive-ion mode, the respective potentials were + 600, + 134, + 52 and + 6 V. Full-scan mass spectra ranging from m/z 50-2000 were collected in both the modes. Phosphatidylcholine and phosphatidylethanolamine species were analysed in the positive-ion mode, and the phosphatidylserine, phosphatidylinositol, ceramides and sphingolipid species in the negative ion mode. For phospholipid and ceramide/sphingolipid analysis, each ESI-MS spectrum represents an average of 50 and 300 scans respectively.
RESULTS
We have recently shown that depletion of Acb1p from S. cerevisiae leads to aberrant organelle and membrane structures. Acb1p-depleted cells accumulate 50-60 nm vesicles and autophagocytotic-like bodies, and show strongly perturbed plasma membrane structures [20] . To investigate how the function of Acb1p interacts with other components of the secretory machinery, we crossed the pGAL1-ACB1 strain with strains harbouring temperature-sensitive mutations in SEC18 [the yeast homologue of mammalian NSF (N-ethylmaleimide-sensitive fusion protein)], SEC23 (COPII component, and activator of Sar1p), and RET1 (α-COP). Sec18p is required for fusion of ER-derived vesicles to Golgi membranes, as well as for vacuolar fusion [29, 30] . The SEC23 and the RET1 gene products are involved in the budding of COPII vesicles from the ER [31] and the formation of COPI vesicles [32] respectively. All haploid double mutants were viable, and occurred with the expected frequency after tetrad dissection. Cells were grown overnight in glucose medium, serial-diluted into fresh medium and spotted on to YPD plates, which were placed at different temperatures. At permissive temperatures (below 24
• C), all double mutants were viable. Interestingly, at 30
• C, depletion of Acb1p in the sec18 tsf strain resulted in severe growth retardation (Figure 1) , indicating that the non-permissive temperature for the sec18-1 allele is lowered by depletion of Acb1p. Depletion of Acb1p in combination with inactivation of the SEC23 and RET1 gene products did only result in minor growth retardation (Figure 1) , showing that fusion, but not budding reactions, are impaired by a reduction in Acb1p levels.
Acb1p depletion affects the morphology of the vacuole
We have previously shown that Acb1p accumulates a large number of 50-60 nm vesicles, larger vesicles, autophagocytotic-like bodies and micro-autophagocytotic vesicles inside the vacuole [20] . Expression of the vacuole proteins Vac8p and Vph1p fused to the green fluorescent protein, and analysis of their intracellular localization by fluorescence microscopy, showed that 80-90 % of the vacuoles in the mutant strain were strongly multi-lobed (Figure 2 ). Staining cells with the vacuolar dye FM 4-64 confirmed the multi-lobed vacuolar morphology (Figure 2 ). Growing cells in medium supplemented with high concentrations (500 µM) of palmitic acid, which was found to restore the decreased sphingolipid steady-state levels observed in Acb1p-depleted cells [20] , restored the vacuole morphology (results not shown). To confirm that the multi-lobed appearance of the vacuoles is due to the lack of Acb1p, we restored the expression of Acb1p in the pGAL1-ACB1 strain. The cells were transformed with an ER-V16-GAL4 plasmid, which carries a gene encoding a fusion protein between the ligand-binding domain of the oestrogen receptor and the GAL4 DNA-binding domain [33] . This fusion protein becomes transcriptionally active upon binding of oestrogen, which enabled us to induce the expression of Acb1p under glucose-repressing conditions by adding oestrogen to the growth medium. In parallel with an increase in the expression of Acb1p, we observed that the vacuole morphology was restored to the wild-type appearance (Figure 3 ). The vacuole morphology was similar to wild-type vacuoles as the level of Acb1p in the mutant strain reached wildtype levels. The fact that appearance of a multi-lobed vacuole is a feature commonly shared between mutants defective in endocytotic trafficking could suggest that depletion of Acb1p also affected the delivery of FM4-64 to the vacuole compartment. Compared with wild-type cells, discrete early endosomal vesicles were not clearly visible in Acb1p-depleted cells and vacuoles were eventually stained efficiently in both strains (Figure 2 , and results not shown). Furthermore, depletion of Acb1p does not affect endocytosis, as determined by binding and internalization of the α-factor-receptor complex (Howard Riezman, personal communication,). Thus, even though early endosomal vesicles were not clearly visible in Acb1p-depleted cells, endosomal trafficking from the plasma membrane to the vacuole seems not to be affected dramatically in Acb1p-depleted cells.
Acb1p depletion affects protein transport
To clarify further the extent and specificity of protein transport defects in Acb1p-depleted cells, we monitored the transport kinetics of a number of marker proteins from the trans-Golgi to the vacuole by pulse-chase analysis. The yeast vacuolar protein API is synthesized as a cytosolic 61 kDa precursor, which is transported The morphology of the vacuole was evaluated in cells co-transformed with plasmids carrying genes encoding the Vph1-GFP fusion protein and an ER-GAL4 fusion protein, respectively. Upon activation of the ER-GAL4 fusion protein by the addition of oestrogen, expression of Acb1p increases, as shown by Western blotting and the vacuolar morphology becomes normalized.
to the vacuole by a non-classical vesicular-targeting mechanism called the 'cvt pathway'. In the vacuole, API is cleaved in a proteinase-B-dependent reaction, resulting in a 50 kDa mature form of API [34] . We find that the half-life of API for vacuolar delivery is increased from 35 min in wild-type cells to 80 min in cells lacking Acb1p ( Figure 4A ). CPY, which is transported through the vacuolar-protein-sorting pathway [35] , is initially synthesized in the ER as a 67 kDa core-glycosylated proenzyme (p1), which is converted into the 69 kDa form (p2) in the Golgi by modification of the core glycosylation, and is ultimately processed to the 61 kDa mature form when it arrives in the vacuole. In cells lacking Acb1p, conversion from p1-into p2-CPY was slightly compromised, and an intermediary glycosylated p2CPY-precursor form with slower mobility was formed, giving rise to a diffuse appearance of the labelled bands. This suggests that the glycosylation of CPY in the Golgi is delayed ( Figure 4A ). The conversion of precursor alkaline phosphatase (pALP/Pho8p) into mature alkaline phosphatase was not affected by depletion of Acb1p ( Figure 4A ), and thus shows normal transport to the vacuole via the AP3 adaptor complex pathway. Transport of the GPI-anchored protein, Gas1p, from the ER to the Golgi has been shown to depend on gene products specifically required in vesicular-transport processes, and also on ceramide synthesis [36, 37] . However, maturation of Gas1p was not affected by depletion of Acb1p ( Figure 4A) .
The appearance of a higher frequency of micro-autophagocytotic invaginations in vacuoles from Acb1p-depleted cells compared with wild-type [20] indicated that proteins might be imported to the vacuole by this route in Acb1p-depleted cells. We therefore examined whether CPY could be transported to the vacuole by micro-autophagocytosis. The t (target)-SNARE (soluble NSF attachment protein receptor) Vam3p is obligatory for transport to the vacuole through the vacuolar-protein-sorting pathway and the cvt pathway [38] , but is not required in micro-autophagocytosis [39] . To answer this question, we repeated the pulse-chase analysis in a Vam3 tsf (Vam3 temperature-sensitive) background at both the permissive and non-permissive temperature. CPY maturation in Y700vam3 tsf and Y700 pGAL1-ACB1 vam3 tsf is very similar at the permissive temperature. However, when grown at non-permissive temperature, maturation of CPY was slightly more delayed in the Acb1p-depleted strain (Figure 4A) , confirming that CPY transport is slightly compromised in this strain. We repeatedly found that API maturation is compromised in Acb1p-depleted cells in the wild-type genetic background at 30
• C. However, maturation of API at permissive temperature (26 • C) in Y700vam3 tsf and Y700 pGAL1-ACB1 vam3 tsf did not differ (results not shown). This may be due to the fact that overall transport to the vacuole is reduced both in a Vam3 tsf background and at 26
• C. At the non-permissive temperature (38 • C), the maturation of API was completely blocked in the Vam3 tsf background. This shows that, despite Acb1p depletion, API transport to the vacuole is completely dependent on Vam3p. Thus this makes it unlikely that micro-autophagocytosis plays a significant role in protein transport to the vacuole in Acb1p-depleted cells.
In conclusion, the loss of Acb1p affects API and CPY transport to the vacuole in a wild-type background, but not in a Vam3p tsf background at the permissive temperature. At the non-permissive temperature, API maturation is completely blocked in both strains, whereas CPY maturation is slightly compromised. ALP maturation was not affected by depletion of Acb1p.
Homotypic vacuole fusion is defective upon depletion of ACBP
Homotypic vacuole fusion renders S. cerevisiae capable of maintaining vacuoles as low-copy-number organelles. On the basis of genetic and cytological studies, it is known that, upon cell division, the mother cell vacuole forms a membranous tubulovesicular structure, which elongates into the bud and delivers vacuolar material to establish the vacuole of the daughter cell. The last discernible step of vacuole inheritance is the fusion of vacuoles in the daughter cells, giving rise to one or a few vacuoles per cell. Haas and Wickner [7] reported that homotypic vacuole fusion was stimulated by the addition of myristoyl-and palmitoylCoA, but not by short-chain CoA esters and very-long-chain acyl-CoA esters. We therefore examined whether Acb1p is required for homotypic vacuole fusion. Homotypic vacuole fusion is routinely monitored by mixing vacuoles isolated from two different strains, one carrying a deletion in the PEP4 gene, encoding the vacuolar luminal PrA (proteinase A), and the other carrying a deletion of the gene encoding the vacuolar membrane ALP/Pho8p [24] . Neither vacuole population harbours ALP activity, since Pho8p is imported into the vacuole as an inactive precursor, proPho8p. Provided that fusion occurs, proPho8p from the pep4 strain is activated by PrA from the pho8 strain. We conditionally knocked out the ACB1 gene by inserting the GAL1 promoter in front of the ACB1 gene in the strains (BJ2168 and DKY6281) commonly used to measure homotypic vacuole fusion. Depletion of Acb1p did not affect the level of either Pho8p or Pep4p in isolated vacuoles (see below). Vacuoles, derived from either glucose-grown BJ2168 pGAL-ACB1 or DKY6281 pGAL-ACB1, were unable to fuse with the corresponding wild-type vacuoles in standard fusion reactions. The resulting fusion activity was close to wild-type vacuole fusion activity in the absence of ATP or in control incubation on ice ( Figure 5A ). Low fusion levels were also observed when Acb1p had been depleted from both strains prior to isolation of vacuoles. Similar results were obtained when PEP4 or PHO8 was deleted in the Y700 or Y700 pGAL-ACB1 strains, respectively (N. Faergeman, J. Knudsen and C. Ungermann, unpublished work). One interpretation of these results is that the Acb1p-acyl-CoA complex is essential for donating the acyl-CoA esters required for homotypic vacuole fusion. However, addition of CoA, palmitoyl-CoA, Acb1p or the Acb1p-palmitoyl-CoA complex (in a ratio of 1:2) failed to restore fusion between wild-type vacuoles and vacuoles isolated from the Acb1p-depleted strain ( Figure 5B ). These observations therefore indicate that Acb1p and/or the acyl-CoA is not involved in the actual fusion event itself, but rather in the assembly of the vacuole fusion machinery in the correct manner.
Assembly of vacuoles requires Acb1p
We examined whether the vacuolar morphology and the relative levels of vacuole marker proteins Vac8p, API, PrA and Pho8p (ALP), and the levels of the two v (vesicular)-SNAREs Nyv1p and Vti1p and the t-SNARE Vam3p, are altered in vacuoles isolated from Acb1p-depleted cells compared with wild-type vacuoles. Using the standard Ficoll step-gradient and ultracentrifugation, vacuoles were isolated from wild-type cells and from cells depleted of Acb1p. Staining of isolated vacuoles with FM 4-64 clearly showed that vacuoles from Acb1p-depleted cells were enlarged in size and clustered compared with wild-type vacuoles ( Figure 6A ). The level of the selected vacuolar proteins was determined by immunoblotting. Steady-state levels of the vacuole marker proteins Vac8p, API, PrA and Pho8p (ALP) were unaffected by the absence of Acb1p ( Figure 6B ). In contrast, the level of the two v-SNAREs Nyv1p and Vti1p was significantly lower in vacuoles isolated from an Acb1p-depleted strain, and the t-SNARE Vam3p was almost absent from Acb1p-depleted vacuoles ( Figure 6B ). In contrast, the levels of these SNARE proteins were similar in whole-cell extracts ( Figure 6B ), suggesting that the SNARE proteins are not properly attached to the vacuole membrane.
To examine the intracellular localization of vacuolar proteins further, we labelled cells expressing various GFP fusion proteins with FM 4-64. Vph1-, Vac8-and Nyv1 GFP fusion proteins were all found to be associated with the vacuole membrane in wild-type cells, and with both intact and multi-lobed vacuoles in Acb1p-depleted cells (Figure 2) . Since all the GFP fusion proteins examined, except for the Tlg2-GFP, co-localized to the same vacuolar structures, which were stained by FM 4-64 in both wild-type and pGAL-ACB1 cells, we believe that some of the multi-lobed vacuolar structures that are formed in the absence of Acb1p disintegrate upon isolation of the vacuoles, so that a very heterogeneous population of vacuoles are isolated from Acb1p-depleted cells. Thus this supports the suggestion that Acb1p is not required for protein sorting to the vacuole, but is required for proper attachment of components of the fusion machinery in the correct configuration to complete homotypic vacuole fusion.
Acb1p-depleted cells have a lower ceramide content
In an effort to examine whether the differences in vacuole fusion are caused by changes in the lipid composition, we analysed the lipid composition in vacuoles isolated from either wildtype cells or Acb1p-depleted cells by ESI-MS. The isolated vacuoles were highly enriched for Vac8p, and contained only trace amounts of lipid bodies (Erg6p) and mitochondrial matrix (Yah1p; Figure 7A ). The plasma-membrane marker Gas1p was present in vacuoles isolated from both wild-type and Acb1p-depleted cells, but was not enriched in them, as was Vac8p. The Golgiand the ER-markers, Kex2p and Sec12p respectively, could not be detected in the isolated vacuoles. ESI-MS analysis revealed an increase in the level of glycerophospholipids containing shorter and more unsaturated acyl-chains (C16:0; C16:1 or C16:1; C16:1) in Acb1p-depleted cells ( Figure 7B ). Acyl-CoA esters are precursors for synthesis of both VLCFAs (verylong-chain fatty acids) and PHS (phytosphingosine), which are both required for sphingolipid biosynthesis (Figure 8 ). Four independent experiments showed that the ceramide PHS-C18-26-OH (ceramide C; see Figure 8 ) is completely undetectable in vacuoles isolated from Acb1p-depleted cells by ESI-MS analysis The presence of vacuole proteins was examined either in totalcell extracts (corresponding to 0.1 D 600 unit) or in isolated vacuoles (1 µg) by Western blotting using antibodies against specific vacuole proteins, as described in the Materials and methods section. The content of Nyv1p, Vam3p, and Vti1p in vacuoles isolated from Acb1p-depleted cells is considerably reduced compared with the level in vacuoles isolated from wild-type cells (Y700). Vam3p can be seen in isolated vacuoles from Acb1p-depleted cells after a longer period of exposure (results not shown).
( Figure 7C ). The complete absence of ceramide in the vacuoles isolated from Acb1p-depleted cells cannot solely be explained by the difference in plasma membrane contamination, since the ratio between the levels of Gas1p in the two vacuole preparations is 1:4, as determined by Western blotting and densitometry scanning. Further analysis showed that the relative level of the PHS-C18-26-OH ceramide peak is 2-4 times lower in total lipid extracts from Acb1p-depleted cells compared with that in wild-type cell extracts ( Figure 7C ). Quantitative analysis of ceramide content in wildtype and Acb1p-depleted cells using bovine brain ceramides as an internal standard shows that both PHS-C18-C26:0-OH (ceramide-C) and PHS-C20-C26:0-OH ceramide content is 3-5-fold lower in Acb1p-depleted cells ( Figure 7D) . A detailed analysis of the obtained spectra showed that there is no corresponding increase in ceramide species with shorter fatty-acyl chains.
All ceramide synthesis mutant strains show fragmented vacuoles
The observation that the ceramide level is significantly reduced in whole-cell extracts, and that ceramide is undetectable in vacuoles isolated from Acb1p-depleted cells, indicates that this could be the major cause of the observed defects in vacuole structure and fusion. To investigate this further, the vacuole structure and ceramide levels in other ceramide synthesis mutants were examined. Strains carrying a temperature-sensitive allele of the palmitoyl-CoA/serine transferase Lcb1p required for synthesis of the ceramide precursor DHS (dehydrosphingosine) have been reported to have lowered ceramide content, even at the permissive temperature [40] . When compared with the W303a and Y700 wild-type strains, the ceramide level is 4 times lower in the lcb1 tsf strain and is undetectable in a lag1∆lac1∆ strain (results not shown). FM 4-64 staining showed that vacuoles in lcb1 tsf cells are multi-lobed at the permissive temperature (24
• C). The lag1∆lac1∆ strain showed very diffuse staining, with the absence of clear definable vacuoles (Figure 9 ).
DISCUSSION
We have previously shown that depletion of Acb1p in S. cerevisiae results in severe perturbations in membrane morphology and assembly, including accumulation of vesicles, membrane fragments and multi-layered plasma membrane structures [20] . This prompted us to analyse further the role of acyl-CoA-binding protein, Acb1p, in vesicular trafficking and vacuole fusion. Pfanner et al. [9] showed that acyl-CoA esters are needed in the attachment and uncoating of transport vesicles. Long-chain acylCoA esters have also been shown to be required for homotypic vacuole fusion in S. cerevisiae [7] . Consistent with the observation by Pfanner et al. [9] , the stimulatory effect was dependent on the presence of a functional NSF/Sec18p. Interestingly, Sec18p mediated priming was also required for palmitoylation of Vac8p [23] . However, the present observation that depletion of Acb1p does not significantly affect growth of sec23 and ret1-1 mutants at the restrictive temperature (Figure 1 ) implies that Acb1p is not ubiquitously required in the protein-trafficking process, but rather in distinct steps within or processes required by the secretory pathway. This is supported by the pulse-chase analysis, showing that only maturation of API, and to a lesser degree also of CPY, and not maturation of Gas1p and ALP are affected by depletion of Acb1p (Figure 4) . It is therefore interesting that depletion of Acb1p in a sec18 temperature-sensitive strain abolished growth at 30
• C (Figure 1 ), strongly implying that Acb1p is required for Sec18p-dependent vesicular fusion. The inability of vacuoles isolated from Acb1p-depleted cells to undergo homotypic vacuole fusion in vitro ( Figure 5 ) is consistent with the notion that Acb1p is involved in membrane assembly and trafficking, as indicated previously [20] . However, the inability of acyl-CoA alone or in complex with Acb1p to complement the defect in homotypic vacuole fusion in vitro indicates that Acb1p may not only be required in the fusion process itself, but also in an upstream process required for vacuole fusion. Vacuoles isolated by flotation from Acb1p-depleted cells are clearly very heterogeneous in size ( Figure 6A ). These vacuoles contain strongly reduced amounts of the SNAREs Vam3p, Vti1p and Nyv1p than wild-type vacuoles, despite the fact that the levels in total-cell extracts are similar ( Figure 6B ). This supports the notion that Acb1p is required in a step upstream even of the actual fusion. This, and the observation that Vph1-, Vac8-and Nyv1-GFP were found to colocalize with FM 4-64 in both normal and multi-lobed vacuoles in Acb1p-depleted cells, indicate that these proteins are delivered to vacuoles in Acb1p-depleted cells. This is consistent with the notion that ALP maturation is unaffected by depletion of Acb1p ( Figure 4A ), and that both ALP and Vam3p are transported to the vacuole via the AP3 pathway [41] . Compared with total wild-type cell extracts, similar amounts of Vam7p and Vti1p co-immunoprecipitate with Nyv1p in cells depleted of Acb1p, indicating that assembly and disassembly of SNARE complexes occurs in a normal fashion (results not shown). However, the fact that the SNARE proteins are lost from vacuoles isolated from the Acb1p-depleted cells suggests that the complexes are not correctly attached or integrated into the vacuole membrane. Despite the altered vacuole morphology and block in vacuole fusion, Acb1p-depleted cells segregate vacuoles into daughter cells properly (results not shown), phenotypic features which are also seen upon inactivation of Vam3p [38, 42] . All together, these data indicate that delivery of fusion components to the vacuole occurs in the correct manner, despite the lack of Acb1p, but that the correct assembly of a functional fusion machinery is compromised, resulting in a block in vacuole fusion and multilobed vacuoles. Depletion of Acb1p does not affect endocytosis, as determined by binding and internalization of the α-factor-receptor complex. This, and the fact that transport of FM 4-64 to the vacuole appears not to be dramatically affected in Acb1p-depleted cells, suggests that trafficking to the vacuole is only moderately affected by Acb1p depletion. The most pronounced effect of Acb1p depletion is a gross alteration in overall membrane and organelle structure, implying that the effect may be caused by major alterations in the membrane lipid compositions.
We have previously shown that the plasma membrane levels of lysophosphatidic acid, lysophosphatidylserine and lysophosphatidylinositol are, respectively, 1.71-, 1.93-and 2.16-fold higher in plasma membranes isolated from cells depleted of Acb1p [20] . That study also showed that the synthesis of IPC (inositolphosphoceramide) is strongly compromised in Acb1p-depleted cells, although the levels of IPC and mannosyl-IPC were 40 % increased in the plasma membrane relative to phosphatidylinositol. Could Acb1p be involved in membrane remodelling or synthesis of specific lipids required for membrane function and fusion? The fact that loss of phosphatidylserine synthesis leads to aberrant vacuolar morphology [43] , and that ergosterol is required for homotypic vacuole fusion [44] , underline the importance of specific lipids in controlling organelle assembly, function and morphology.
The ESI-MS analysis clearly demonstrates that ceramide is absent from vacuoles isolated from Acb1p-depleted cells. Using bovine brain ceramides as an internal standard, it was shown that Acb1p-depleted cells have strongly reduced levels of ceramide and IPC-C compared with wild-type cells. It is also interesting that wild-type cells contain mainly IPC-C, in contrast with the Acb1p-depleted cells, which contain equal amounts of IPC-C and IPC-B, indicating that α-hydroxylation of ceramide is also compromised in Acb1p-depleted cells.
Other ceramide synthesis mutants with lowered ceramide levels also show vacuole morphology defects similar to those of Acb1p-depleted cells (Figure 9 ). Interestingly, vacuoles could not be visualized by FM 4-64 staining in the lag1∆lac1∆ strain, which is devoid of normal ceramide synthesis [45, 46] , indicating that ceramides are required for formation of normal vacuoles. We therefore suggest that reduced ceramide levels may be the primary cause for the defect in the overall membrane organization, including vacuole structure and vacuole fusion in Acb1p-depleted cells. It has recently been shown that the vacuole membrane ATPase requires the presence of sphingolipids in the vacuole [47] . However, depletion of Acb1p does not affect vacuole acidification (results not shown). Ceramide and sphingolipid synthesis is required for raft formation and plasma membrane association of Pma1p and Fur4p [48, 49] . We therefore suggest that ceramides/sphingolipids, in a similar way, are required for the formation of specific lipid domains on the vacuole required for proper integration and function of the fusion complex.
It is interesting to note that Gas1p transport and maturation, which has been reported to depend on ongoing ceramide synthesis [5] , is unaffected by Acb1p depletion, despite the lowered ceramide levels in these cells ( Figure 4A ). This indicates that ceramide synthesis at the ER level is sufficient to support Gas1p transport, suggesting that ceramide synthesis occurs independently at different locations at the same time, and that these sites are differently affected by Acb1p depletion. Ceramide synthesis specifically requires C26 fatty acids, and is therefore dependent on the fatty acid elongation pathway. It is therefore interesting that Tsc13p, Elo2p and Elo3p, all components of the fatty acid elongation complex, localize to the ER, but are also enriched at nuclear-vacuole junctions [50] . Furthermore, it was shown that Tsc13p-GFP-containing vesicles are found to be closely associated, or even enclosed, by FM4-64 stained vacuole structures. The very low solubility of VLCFA-CoAs is likely to imply a concerted metabolic channelling mechanism from the site of synthesis to their subsequent incorporation into ceramides by ceramide synthetase. We therefore suggest that Acb1p is required for donation of palmitoyl-CoA for the synthesis of ceramide precursors (either VLCFA-CoA and/or long-chain bases) at specific locations. This could include distinct ceramide synthesis at the nuclear-vacuole junction, which also explains the absence of ceramide from vacuoles isolated from Acb1p-depleted cells.
In conclusion, the present results strongly imply that Acb1p is required for normal ceramide synthesis, and that the presence of ceramides in the vacuole is required for the formation of specific membrane domains, which serve to integrate the SNARE complex in the vacuole membrane and proper vacuole fusion. Although the primary cause of the defective vacuole structure and fusion can be assigned to reduced ceramide synthesis, it does not exclude that Acb1p might be required for the fusion process itself. The fact that long-chain acyl-CoA esters have been shown to be required for vacuole fusion in vitro is suggestive of the fact that this could be the case. The likely cause for the reduced ceramide levels in the Acb1p-depleted strain is not known at present. We suggest that Acb1p might be required for delivery/donation of de novosynthesized palmitoyl-CoA to the initial step in long-chainbase synthesis catalysed by palmitoyl-CoA serine transferase (Lcb1p) and/or the fatty acid elongation system (Elo2p and Elo3p). The observation that Acb1p-depleted cells contain 30-40 % less C26 fatty acid [20] supports the suggestion that reduced fatty acid elongation could be a contributing factor to lowered ceramide synthesis. We are currently investigating these possibilities. Finally, it should also be considered that altered protein acylation could be an additional contributing factor causing membrane morphology defects in Acb1p-depleted cells.
The observation that human, mouse and insect ACBPs can complement growth defects and vacuole morphology in Acb1p-depleted cells (results not shown) suggests that Acb1p/ACBP supports similar functions in all eukaryotes, and that yeast is a valid model system for studying the function of ACBPs from higher eukaryotes.
